Increases in anthropogenic aerosols in the atmosphere tend to increase the reflectance of solar (shortwave) radiation from water clouds, which can lead to lower surface temperatures.
Introduction
Clouds affect the climate of the Arctic primarily by increasing the amount of solar radiation reflected to space, and by absorbing and emitting longwave (thermal) and shortwave (solar) radiation. Globally, the net radiative impact of clouds is to cool the troposphere and the Earth's surface. However, modeling (Curry and Ebert 1992; Beesley 1997 ) and observational (Herman 1980; Stone 1997 ) studies show that in the Arctic cloud cover generally acts to warm the surface, while cooling the troposphere only slightly: clouds trap outgoing longwave radiation, but have a small impact on atmospheric albedo due to the high surface albedo of snow-covered land and sea ice. Radiative forcing by clouds depends foremost on cloud fractional cover and temperature, but also on cloud bulk radiative properties (i.e., the reflectivity, transmissivity, and emissivity of the cloud). Arctic stratus clouds are often sufficiently thin to have an emissivity less than unity (i.e., they are not blackbodies). Modeling studies (Curry and Ebert 1992) suggest that ignoring the transparency of arctic clouds to longwave radiation can lead to significant errors when estimating their radiative forcing. In view of evidence indicating that there has been rapid warming of the arctic surface in recent decades (Bradley et al. 1993; Stone 1997) , improved understanding of the radiative properties of arctic clouds is critical to understanding the changing climate of the Arctic.
Cloud radiative properties can be altered by anthropogenic aerosols. A link between anthropogenic aerosol concentrations and cloud droplet spectra was suggested by Lewis (1951) , who measured higher droplet concentrations and smaller droplet radii in low and middle-level stratiform clouds over the continental United States than over the Pacific Coast. Similar observations for maritime and continental cumulus clouds were reported by Squires (1956 Squires ( , 1958 . Twomey (1974 Twomey ( , 1977 proposed that aerosols might affect the shortwave radiative properties of clouds since, if cloud liquid water content (LWC) remains constant, an increase in cloud condensation nuclei (CCN) concentrations, and therefore an increase in droplet concentrations, should produce increases in cloud optical depth and albedo. The susceptibility of cloud albedo to changes in cloud droplet concentrations (and therefore CCN concentrations) is greatest for clean clouds (droplet concentrations of ~10 cm -3 ), where the albedo increases by about 1% for every increase in cloud droplet concentration of 1 cm -3 (Twomey 1991) .
The effects of anthropogenic aerosols on maritime stratiform clouds have been measured from satellites and aircraft. For example, diesel-powered commercial ships, burning low-grade marine fuel oil, emit ~1 × 10 16 particles per second (Hobbs et al. 2000) . Approximately 12 % of these particles act as CCN in overlying stratus and stratocumulus clouds (Hudson et al. 2000) .
Advection of this pollution downwind of a ship can produce long-lived 'shiptracks', several hundreds kilometers in length, in which the shiptrack appears brighter than the surrounding cloud in 3.7 µm wavelength satellite imagery. In situ measurements show that if the ambient cloud is initially clean, enhanced droplet concentrations, smaller droplets, diminished drizzle flux, higher LWC, and higher values of shortwave reflectivity can occur within shiptracks (e.g., Durkee et al. 2000) .
While increases in cloud droplet concentrations and decreases in droplet size, produced by increases in anthropogenic aerosols, increase the reflectivity of shortwave solar radiation, they also increase the emissivity of thin clouds and therefore the longwave radiation emitted upward and downward by these clouds (Curry and Ebert 1992; Curry et al. 1993; Zhang et al. 1996) . If a cloud is cooler (warmer) than the surface, an increase in cloud emissivity would cool (warm) the Earth's surface and warm (cool) the troposphere. Since arctic liquid water clouds thicker than about 350 m have emissivities close to unity (Herman 1980 ), they will not be very susceptible to this effect.
The relative importance of cooling and warming of the Earth's surface due to increases in cloud reflectivity and emissivity, respectively, produced by increasing anthropogenic aerosols, will depend on a number of factors, including the thickness, temperature, location and coverage of the cloud, and how much solar radiation is reflected from the underlying surface. Cooling due to enhanced cloud reflectivity occurs only during daylights hours, whereas, warming due to increased cloud emissivity is most effective at night and at low sun angles. The latter set of conditions is particularly prevalent in the Arctic from fall through spring.
In this paper we use airborne data, collected aboard the University of Washington CV-580 research aircraft in late spring 1998 during the FIRE-ACE/SHEBA field study (Curry et al., 2000) , to evaluate the effectiveness of anthropogenic aerosols in increasing the emissivities of arctic clouds. We then consider possible implications for the longwave radiation balance of arctic surface.
Sensitivity of Cloud Emissivity to Cloud Microstructure

a. Theory
To determine the effect of an increase in aerosol on cloud emissivity, we must evaluate the sensitivity of cloud emissivity to the microstructures of a cloud. Conservation of energy requires the sum of cloud emissivity (due to absorption), transmissivity and reflectivity (due to scattering) be unity, that is:
Herman (1980) obtained an accurate expression for cloud emissivity, derived from Chandrasekhar's first approximation (Chandrasekhar 1960) for two-stream radiative transfer. Herman (1980) showed the monochromatic upward and downward monochromatic intensities, N + and N -, respectively, can be obtained from the solution to the inhomogeneous second-order diffusivity equation:
where, ψ = N + -N -, B λ is the thermal source function at wavelength λ, τ abs is the absorption optical depth of the cloud (defined such that τ abs = 0 at cloud top), and β is the diffusion factor:
where, ω 0 and g, are the single-scattering albedo and asymmetry parameter, respectively. Since the intensity is the sum of both emitted and scattered components (i.e., N = N emit 
Note that in the absence of scattering, β =1.73, and:
which is equivalent to an expression for cloud emissivity frequently assumed in remote sensing and climate modeling applications, except that the diffusion factor, β, used here is typically replaced by the diffusivity factor r ≈1.66 (Goody 1964) , which is used to simplify angular integration of intensity over a hemisphere. At infrared wavelengths, scattering by cloud droplets is generally small compared to absorption. An estimated value for β for arctic clouds is 1.8 ±0.2, in which case broadband reflectivity approaches a maximum value for thick clouds of 2 (±5) % (Herman 1980) .
Our purpose here is to illustrate the sensitivity of absorption optical depth (and hence cloud emissivity) to cloud microphysical properties. The absorption optical depth may be determined from:
(6) where, N(r,z) is the droplet number concentration as a function of radius (r) of the droplet and height (z) in a cloud of thickness h, Q abs is the absorption efficiency, and λ the wavelength of the radiation. Assuming a vertically homogeneous cloud, and using expressions for the cloud liquid water path (LWP) and cloud droplet effective radius (r e ), Eq. 6 can be written as:
where, ρ is the density of liquid water.
At long wavelengths, the absorption efficiency, Q abs , depends strongly on droplet size and wavelength. For example, at a terrestrial wavelength of 11 µm the imaginary component of the refractive index of water varies by almost an order of magnitude for ∆λ = 4 µm (Hale and Querry 1973) . The amplitude of an electromagnetic wave propagating in the z direction through an absorbing material is proportional to e i (ωt -mkz) , where ω is the angular frequency of the wave, t time, k = 2π/λ is the wavenumber, and m = n -in′ is the refractive index. Therefore, the magnitude of the Poynting vector, which determines the intensity of the wave, incident on a droplet of radius r, is attenuated by e -4πn′r/λ (van de Hulst 1981) . For cloud droplets at infrared wavelengths, 4πn′ is typically on the order of unity. Hence, for small values of r/λ, the attenuation of a Poynting vector incident on a droplet is roughly proportional to droplet size ( Fig.   1 ). In this case, the absorption cross-section, C abs , is approximately proportional to the droplet volume. That is,
For large values of r/λ, radiation incident on a droplet is absorbed within a droplet "penetration depth," and the absorption efficiency is roughly independent of droplet size (Fig. 1) ; C abs is then approximately proportional to the geometric cross-sectional area of the droplet. Therefore,
The proportionalities discussed above are only approximate due, in part, to the diffraction of light incident on a droplet. Some of the Poynting vectors that are not immediately incident on a droplet deviate sufficiently from their original directions to be bent into the droplet, thereby
enhancing the values of Q abs (Bohren and Huffman 1998) . This is particularly the case when r/λ < 1. As r/λ increases in magnitude this effect becomes progressively less, so Q abs asymptotically approaches a value of unity.
The effects on cloud absorption optical depth of the phenomena discussed above can be illustrated as follows. The absorption efficiency of cloud droplets with respect to terrestrial radiation depends on the sizes of the droplets and the wavelength of the incident radiation. The peak in the intensity of the radiation emitted by the Earth lies between wavelengths of about 10 and 12 µm. In many clouds the peak in the droplet size distribution lies at r < 10 µm. In this case, to a good approximation, Q abs = ar e , where a is a constant. Substituting this expression into Eq. (7), yields:
a LWP (10) in which case, τ depends only on the bulk properties of the cloud (i.e., LWP) and not on its microstructure. On the other hand, for some clouds the peak in the droplet size distribution is at r > 10 µm. In this case, Q abs ≅ 1, and:
in which case the absorption optical depth depends on both LWP and r e .
Below we will derive precise expressions for βτ abs (the term in the exponent of Eq. (4)) and β as a function of LWP and r e that are representative of a) the shape of typical droplet spectra in arctic clouds, and b) the shape of the terrestrial blackbody spectrum. These will then be used to calculate the emissivity of arctic clouds.
b. Measurements
We will use 2156 measurements of droplet spectra obtained in six regions of arctic stratus clouds sampled between 6 June and 14 June 1998 over the Arctic Ocean. These measurements comprised droplet spectra with a wide range of droplet effective radii and droplet spectra dispersions. The measurements were obtained aboard the University of Washington's Convair-580 research aircraft in FIRE-ACE/SHEBA using PMS FSSP-100 and PMS probes to measure the size distribution of droplets between 1 and 150 µm. The FSSP-100 and OAP-200X were calibrated before, during and after FIRE-ACE/SHEBA. The optical parameters Q abs , g, and ω 0 were calculated from explicit Mie code for each droplet spectrum, and for 40 wavelengths between 5 and 90 µm.
Figures 2 shows a plot of βQ abs and β versus r e at 11 µm, where β is calculated from Eq.
(2). There is some scatter in the data because r e does not correspond to a single value of β or βQ abs , due to variability in the shape of the size distributions of droplets. Nonetheless, βQ abs and β show a well-defined dependence on r e , although β is approximately constant for the range of r e shown. The coefficients of a first order exponential fit to β, and a seventh order polynomial fit to the βQ abs (cf. Chy lek ′ et al. 1992) , at each wavelength, are shown in Tables 1 and 2, respectively, where: 
in which case, from Eqns. (7) and (13):
Using the values of the coefficients given in Tables 1 and 2 , and substituting Eqs. (12) and (14) into Eq. (4), yields a numerical expression for ε(LWP, r e , λ) that provides accurate values for the cloud emissivity as a function of cloud droplet effective radius and liquid water path in isothermal, homogeneous arctic clouds.
The broadband emissivity for a cloud with a temperature of 250 K (calculated by weighting the numerical expression derived for Eq. 4 by the Planck function wavelength dependent intensity at 250 K) is shown in Fig. 3 . The broadband emissivity approaches a maximum value of ~0.96 for clouds with LWP greater than ~40 g m -2 (e.g., a stratiform cloud 200 m thick with a mean LWC of 0.2 g m -3 ), the remainder being infrared energy reflected by the cloud. For thinner clouds, ε is less than 0.96 and it is therefore sensitive to the sizes of the cloud droplets (e.g., for a LWP of 10 g m -2 , dε/dr e ≅ -0.024 µm -1 ).
Effects of Aerosols on Cloud Microstructure in the Arctic
On 14 June 1998, the Convair-580 research aircraft flew a straight and level 84 km leg over the Chukchi Sea through the middle of a stratiform cloud layer ~200 m thick with cloud top concentrations (droplet + interstitial aerosols), to more polluted air with particle concentrations twice as high (Fig. 4) . 
Implications for the arctic surface radiation balance
The radiative properties of arctic clouds are important to the radiation balance of the Arctic ( (Fig. 7c ) (Herman and Curry 1984; Tsay and Jayaweera 1984; Hobbs and Rangno 1998) . For this range of LWP, a reduction in r e (e.g., from increased pollution) increases shortwave cooling more than longwave warming. (Curry et al. 1993; Zhang et al. 1996) .
In winter and early spring, days are short and the solar flux is small or zero in the Arctic.
Under these conditions, a transition from clear sky to low-level cloud cover can cause sudden surface warming by dramatically increasing downwelling longwave radiation (Stone 1997 ).
Low-level clouds have a brightness temperature much greater than that of a clear sky, particularly as the arctic winter is characterized by a nearly permanent low-level temperature inversion of ~10°C (Kahl 1990 ). In winter, the clouds cause little to no compensating cooling, due to the absence of sunlight. In addition, anthropogenic pollution advected to the Arctic from lower latitudes is greatest in winter and spring (see Fig. 5 ) (e.g., Barrie 1986; Sirois and Barrie 1999) . It is difficult to estimate how combined high levels of pollution and low clouds will affect arctic night cloud emissivity since, to our knowledge, there have been no published measurements of LWP or r e in wintertime arctic clouds. However, in spring 1992 thirty-six profiles of the lower troposphere were obtained over the Beaufort Sea from the UW Convair C-131A research aircraft (Hobbs and Rangno 1998) . We will assume that these measurements (Fig. 6 ). These supercooled water clouds can be maintained, even at temperatures below -30°C, by an imbalance between the supply of vapor and the mass growth rate of ice crystals, which occurs due to the small sizes of ice crystals near cloud top (Rauber and Tokay 1991) . Although changes in ice crystal size have little impact on cloud emissivity (Curry et al. 1993) , the mean LWP is sufficiently thin that changes in the cloud droplet effective radius (r e ) will perturb cloud longwave radiative properties. Measurements near Igloolik, NWT, Canada, in February 1982, indicate CCN concentrations of ~80 cm -3 for stratiform clouds in polluted air, compared to ~30 cm -3 in cleaner air (Leaitch et al. 1984) . A corresponding change in droplet concentration for the example shown in Fig. 4 , causes a reduction in r e of 4 µm. Hence, the combination of thin clouds, darkness, and anthropogenic pollution in the Arctic during winter and spring provide a scenario in which an increase in cloud emissivity could significantly increase downwelling longwave radiation and warm the surface.
To address this possibility more quantitatively, we simulated radiative transfer in the arctic atmosphere using the Streamer radiative transfer code (Key and Schweiger 1998) .
Streamer incorporates temperature, gas and aerosol profiles; cloud height, cover and microphysical properties; and surface type and albedo into a column model to calculate profiles of radiative fluxes for 105 infrared and 15 shortwave bands. Streamer does not perform accurate "line-by-line" gaseous absorption calculations. However, an advantage of Streamer is that it allows the user to explicitly define the effective cloud droplet radius, liquid water content and thickness of a cloud. Streamer then uses built-in parameterizations to convert cloud microphysical properties to optical parameters. These parameters are used to calculate, using two or more streams, radiative transfer in a cloud using a discrete ordinates solver. The scattering phase function is defined by the asymmetry parameter and the Henyey-Greenstein phase function, with or without forward truncation. In the analysis described here, fluxes are calculated using δ-M truncation of the phase function (Wiscombe 1977 ) and a four-stream flux model (Stamnes 1988) . To illustrate the results of these calculations we will describe a case study that utilizes data described by Hobbs and Rangno (1998) (their Profile 3 for 2346 UTC 3 April 1992), which had a LWP of 12 g m -2 , a cloud top temperature of -19°C, and 0.4 g m -2 of "diamond dust" below cloud base (Fig. 6) . The effective radius of the diamond dust ice crystals was set at 40 µm.
Between altitudes of 0 and 5 km we used the rawinsonde temperature and humidity profile from Barrow, Alaska, at 00Z 4 April 1992. A standard arctic winter atmosphere was used to extend the profile to higher levels. The surface temperature was about -20°C.
Cloud radiative forcing at the surface (CRF(surface)) can be defined as the instantaneous difference between the irradiance (in W m -2 ) at the surface with and without cloud being present. spring (Warren et al. 1988) , and the LWP was such that d(CRF LW (surface))/dr e was at a maximum, the average increase in downwelling longwave radiation in winter in the Arctic could be as much as 3 W m -2 .
The past 30 years in the Arctic have been characterized by increasing February surface temperatures (Stone 1997 ) and higher levels of pollution (Sirois and Barrie 1999) . It is possible that the increase in arctic surface temperatures could be due, in part, to the effects of increases in aerosol on cloud emissivity. For example, if the surface were to respond as a blackbody to increased downwelling longwave radiation, an average increase in downwelling radiation of 3 W m -2 would produce an increase in surface temperatures of 0.8°C (assuming no compensating effects, such as tropospheric adjustments to changes in cloud emissivity). Temperature profiles in winter and early spring in the Arctic are characterized by low-level temperature inversions ~800 m deep with a temperature difference of ~10°C (Kahl 1990 ). Consequently, wintertime arctic clouds are usually warmer than the underlying surface. Therefore, any increase in cloud emissivity will augment outgoing longwave radiation at the top of the atmosphere. Hence, although an increase in aerosol might warm the surface due to the aerosol effect on cloud emissivity, it could cool the atmosphere as a whole. However, for typical values of the temperature difference across the inversion, the cooling of the atmosphere is relatively small compared to the warming at the surface. For example, if the surface temperature were changed from -20°C to -30°C for the case shown in Fig. 6 (i.e., there was an 11°C temperature difference between the surface and the cloud, instead of 1°C), and the initial value of r e is 10 µm, the sensitivity of CRF LW (TOA) to r e has a maximum value for LWP = 8 g m -3 where
As mentioned previously, the above discussion is concerned with instantaneous radiative forcings and does not include various feedbacks that might be introduced by an increase in cloud emissivity and cloud top radiative cooling. For example, low-level arctic clouds are frequently radiatively (rather than convectively) driven, and an increase in cloud-top radiative cooling might further augment their emissivity by increasing cloud thickness. On the other hand, an increase in radiative cooling at cloud top could decrease the strength of an inversion, decrease cloud temperature, and thereby reduce longwave surface warming. Increases in CRF LW due to pollution could also increase cloud LWP (note the increase in LWC in the polluted region shown in Fig. 4 ) and cloud lifetimes (Albrecht 1989) . Clearly, a detailed study of the effects of changes in the emissivity of arctic clouds, due to changes in aerosol, on the overall radiative balance of the Arctic will require the use of a detailed climate model. Furthermore, our demonstration that the microstructures of arctic clouds are sensitive to aerosol concentrations, is based on limited data obtained during the late arctic spring. Interactions between aerosols, clouds and radiation need to be studied during the dark months, when longwave effects dominate. Tsay and Jayaweera 1984; Rangno 1998, 2000) , and (d) October (Pinto 1998) . The cases included in the histograms had cloud tops below 2 km and were composed exclusively of water, with, in some cases, ice crystal precipitation below (see Hobbs and Rangno 1998) . 
